A genealogy of antitumour ruthenium compounds
The idea of studying ruthenium compounds as antitumour agents was originally inspired by the observation that certain ruthenium complexes preferentially localize in tumour tissue (reviewed in ref. 4 3 ] as most efficacious against EMT-6 sarcoma in mice.
3,4
However, fac-[Ru III Cl 3 (NH 3 ) 3 ] was considered unsuitable for further clinical evaluation due to its poor aqueous solubility. 5 Consequently, subsequent efforts focused on ionic complexes (in particular anionic species with a higher number of halide ligands) with better solubility (Fig. 1) .
A lead structure was found in the imidazole-containing complex ICR (KP418), imidazolium trans-[tetrachloridobis(1H-imidazole)ruthenate(III)], which proved therapeutic activity against murine P388 leukaemia and B16 melanoma. 6 Moreover, KP418 caused a signicant reduction of tumour burden in rats with autochthonous, chemically induced colorectal cancer, 7 a model which closely resembles colorectal cancer in patients regarding histopathology, malignant progression, and chemosensitivity patterns. Subsequent studies on a large number of analogues led to the discovery of the indazole analogue KP1019 (indazolium trans-[tetrachloridobis(1H-indazole)ruthenate(III)]), which was found to be superior in its activity against the rat colon cancer model. In these studies, KP1019 treatment yielded efficacy with up to 95% reduction of tumour volume without any mortality (0%) and without any considerable weight loss (6%). In addition, it was found to be superior to 5-uorouracil, the standard agent against colorectal cancer.
8 Based on this promising activity, KP1019 was selected for further (pre)clinical evaluations.
Besides inspiring the development of KP1019, KP418 had also a decisive impact on the eld of DMSO-containing ruthenium complexes (pursued by Sava and co-workers), resulting in the synthesis of imidazolium trans-[tetrachlorido(1H-imidazole)(S-dimethyl sulfoxide)ruthenate(III)], NAMI-A (reviewed in ref. 9) . Notably, this ruthenium drug turned out, in contrast to KP1019, to affect the process of metastasising rather than acting against the primary tumour or already established metastases. The antimetastatic activity of NAMI-A is probably based on enhanced cell adhesion, integrin-dependent inhibition of cancer cell motility and invasiveness 10, 11 as well as on inhibition of neoangiogenesis in the tumour tissue.
12 Thus, NAMI-A and KP1019, despite their chemical relatedness, behave quite differently in vitro and in vivo.
13 Accordingly, they have been clinically developed with completely different scopes and aims.
The most recent representative of this class of compounds is NKP-1339 (sodium trans-[tetrachloridobis(1H-indazole)ruthenate(III)], KP1339), the sodium salt analogue of KP1019. This ruthenium compound has originally been prepared as a precursor in the formulation of KP1019 for clinical testing.
14 Based on its higher water solubility, NKP-1339 has now been selected as lead candidate for further clinical development. This decision not only facilitated manufacturing and handling for the clinical trials, but also allowed clinical application of larger drug doses to the patients. As many of the early ndings relevant for the development of NKP-1339 were made with KP1019, the following sections will deal with both compounds.
Drug delivery through plasma proteins
KP1019 and NKP-1339 are administered intravenously. Thus, the interaction of the complexes with serum proteins is of great relevance. Several studies have shown a strong affinity of KP1019 and NKP-1339 to proteins in the bloodstream, in particular to albumin and transferrin. 17, 18 Accordingly, it has been suggested that these two proteins act as transport and delivery systems for both ruthenium complexes and, thus, are essential for their tumour targeting. In general, transferrin as well as albumin are considered as highly interesting carriers for drug delivery. 19 However, the underlying mechanisms are different. The interest in the iron transport protein transferrin is based on the higher demand of tumours for iron resulting in the overexpression of the transferrin receptor (CD71). Consequently, it has been shown that tumour cells can be specically targeted by drug binding to transferrin. 18, 19 Recently, two detailed SEC-ICP/MS analysis studies on the protein-binding pattern of KP1019 in cell culture medium containing 10% fetal calf serum showed that the Ru complex is mainly bound to the albumin-and transferrin-containing protein fraction of 60-80 kDa 24, 25 (Fig. 2a) . This is in accordance with earlier studies on a plasma sample of a KP1019-treated patient, where ruthenium was also exclusively found in this fraction. 18 The detailed investigation of the binding of the ruthenium(III) drugs to transferrin was the aim of several in vitro studies. Such, the binding of KP1019 and apolactotransferrin was proven by X-ray crystal structure analysis, revealing that aer binding to histidine-253 the two indazole ligands still remain bound to the ruthenium center. 26 Moreover, it was shown that the reaction of transferrin with KP1019 or NKP-1339 is very fast and completed within several minutes. 27 In contrast, the formation of a transferrin adduct of the imidazole analogue KP418 takes several hours.
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Cellular accumulation studies on human cancer cell lines are in good agreement with these data, showing a 10-fold lower uptake of KP418 than of KP1019. 29 Additionally, it was shown that the cellular uptake of KP1019 and NKP-1339 is very rapid and nished within the rst hour of drug exposure. 24 Furthermore, experiments with KP1019-Fe(III)-transferrin (1 : 0.3 : 1) conjugates showed a >2.5-fold higher uptake of the ruthenium complex in the colon cancer cell line SW480 than aer exposure to KP1019 alone. These experiments suggested that a certain amount of iron loading might be needed for optimal transferrin-mediated transport.
30
As a consequence of the experimental focus on the transferrin-mediated uptake of KP1019, the "Trojan Horse" hypothesis was developed. It describes a selective delivery of KP1019 into the malignant tissue via transferrin followed by cellular uptake via transferrin receptors. The receptor-mediated incorporation of transferrin results in the formation of endosomes, in which pH is lower ($5.5) than in the extracellular space ($7.4), and the drop of pH has been, consequently, thought to trigger the release of the ruthenium complex inside the cell.
Although it is widely accepted that the binding of KP1019/ NKP-1339 to serum proteins is essential for their tumour targeting properties, recent analytical studies provoked a new discussion about the importance of transferrin in their drug delivery. 31 These studies showed that although adduct formation with transferrin is kinetically preferred, thermodynamically more stable adducts are formed with albumin. 9 Moreover, cell-free competition studies with equimolar concentrations of albumin and transferrin showed that less than 20% of KP1019 is bound to transferrin over 10 h incubation time. Taking into account that the albumin concentration in the bloodstream is $15-fold higher than that of transferrin, the total amount of transferrin-bound KP1019 has to be expected to be less than 2%. In agreement with these assumptions, SEC-ICP/MS analysis of blood samples taken from a patient of the KP1019 clinical phase I trial showed that the ruthenium complex was preferably bound to albumin, while no KP1019 associated to transferrin was detectable.
18 Notably, albumin is known to accumulate in malignant and inamed tissues due to the combination of leaky blood capillaries with the absence/defect of lymphatic drainage -a phenomenon known as "enhanced permeability and retention (EPR) effect". 22 This effect might also explain the observed tumor accumulation of KP1019, which might then be followed by drug release aer albumin degradation. 23 Discussions are still ongoing about which plasma protein is most relevant for the tumour-targeting effect of KP1019/NKP-1339 and whether the albumin-bound pool can serve as a reservoir for the transferrin-mediated tumour delivery.
The activation-by-reduction hypothesis
Under physiological conditions, ruthenium mainly exists in two oxidation states, Ru(III) and Ru(II). In general, ruthenium complexes of the oxidation state +III are more inert toward ligand exchange reactions than Ru(II).
32 Thus, the aquation process (replacement of chlorido ligands by aqua ligands) is considerably accelerated upon reduction, resulting in "activated" species with higher reactivity toward biomolecules. This behaviour together with data derived from the analysis of pentaammineruthenium(III) complexes prompted Clarke to propose what became known as the "activation-by-reduction" hypothesis. 32 This concept is build on the idea that Ru(III) complexes may serve as prodrugs that are activated preferentially in the less oxygenated environment of solid tumours, while sparing normal tissues from toxic effects. 33 This is based on the observation that the reduction of Ru(III) to Ru(II) and the subsequent binding to heterocyclic nitrogen bases was found to be catalyzed by mitochondrial, microsomal and soluble subcellular fractions of rat liver cells in the presence of succinate or NADH. 33 Moreover, exposure to air markedly decreases the rate of this reaction, probably due to rapid re-oxidation to Ru(III). Due to the higher reactivity, reduction to Ru(II) accelerates coordination to potential target molecules. This mechanism has been assumed to apply by analogy also to azolecontaining Ru(III) complexes such as KP1019. 32 Notably, the activation process depends on the redox potential of the Ru(III)/Ru(II) oxidation states, which in turn strongly depends on the ligands coordinated to the ruthenium centre. Thus, the choice of ligands with suitable electron donor properties enables the tuning of the redox potential to obtain complexes which are redox active in the biological environment, such as KP1019 and NKP-1339. 34, 35 In case of NKP-1339, electrochemical investigations in phosphate buffer at pH 7 revealed a quasi-reversible reduction wave at +0.03 V vs. NHE (KP418 ¼ À0.25 V vs. NHE). 36 As the physiologically accessible redox potential window ranges from around À0.4 V (NADPH, the strongest physiological reductant 37 ) to +0.8 V vs. NHE (dioxygen, the strongest physiological oxidant; NHE ¼ normal hydrogen electrode), 38 this potential suggests a possible activation by reduction in the biological environment (in the cellular environment the redox potential of dioxygen is usually only $+0.14 V vs. NHE
39
). It is important to mention that the ruthenium complexes are not reduced effectively while bound to serum proteins, 40, 41 and thus activation by reduction takes place only aer release from the protein inside the cancer cell. Support for the validity of the "activation-by-reduction" hypothesis for the ruthenium compounds has been provided by studies showing an increased cytotoxicity and DNA binding of KP418 under reduced oxygen pressure.
42 Also in case of KP1019, nuclear magnetic resonance (NMR) experiments regarding the reduction of Ru(III) to Ru(II) in the presence of ascorbic acid and glutathione (GSH) indicated a complete reduction under buffered conditions within minutes and within 3.5 h, respectively. Furthermore, an increased reactivity of KP1019 was found upon addition of two equivalents of GSH. 36 In cell culture experiments, a distinctly higher activity of KP1019 was observed in the presence of ascorbic acid at concentrations from 50 to 700 mM, which went again hand in hand with improved binding to biomolecules in cell culture as well as in cell-free systems.
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Although potent activity of KP1019/NKP-1339 is observed in vivo against diverse cancer types, these ndings also implicate that KP1019 might be especially of interest for malignancies of tissues with high endogenous amounts of ascorbic acid (e.g. the pancreas).
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However, with regard to GSH, it has to be mentioned that incubation of KP1019 with a 10-fold excess of GSH resulted in decreased reactivity.
36 Accordingly, induction of a low level GSH increase by preincubation with the GSH precursor N-acetylcysteine (NAC) enhanced, while higher concentrations reduced the cytotoxic activity of KP1019 against cancer cells.
44 This could be explained by an inactivation of the complex via direct binding of GSH to the ruthenium centre, 45 which indicates also that GSH might play a role in resistance of cancer cells against KP1019 (compare section "Drug resistance"). Thus, appropriate concentrations of the reductive agents seem to be important for the activation of KP1019 and NKP-1339.
The question whether the ruthenium centre is reduced in vivo was recently addressed by X-ray absorption spectroscopy (XAS) analysis of tumour and liver samples from mice bearing subcutaneous tumours (either sarcoma 180 treated with KP1019 or NKP-1339, or SW480 carcinoma treated with NKP-1339). This approach is based on the fact that changes of the oxidation state and exchange of donor atoms around the metal centre are reected in characteristic shis of edge energies in XAS spectra, as surveyed with a set of model compounds representing a variety of coordination environments around the ruthenium 3 -are in best accordance with the spectra. 46 Another XAS study was made, which included hepatoma cells treated with KP1019 under cell culture conditions, but no samples obtained from animal tumour models, thus not shedding light on the fate of the compound in vivo. 47 
Mechanisms underlying the anticancer activity
Based on the "activation-by-reduction" theory, it is not surprising that the mode of action underlying the anticancer activity of KP1019 and NKP-1339 seems to be tightly linked to their redox chemistry (Fig. 3) . As already discussed, the activation by reduction leads to a reactive ruthenium(II) complex, which can react with diverse biomolecules.
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Although Ru has been detected in nuclei and bound to extracted DNA of cancer cells aer drug treatment, there is increasing evidence that the anticancer activity of KP1019 is not primarily based on direct DNA damage.
24,32,52 However, in contrast to DNA binding, the reaction of ruthenium compounds with intracellular proteins has been far less investigated. Recent studies on the intracellular protein-binding patterns of KP1019 24, 25 and NKP-1339 24 in the cytosol of cancer cells showed that Ru-binding can be detected mainly in protein factions of two size classes: protein aggregates/complexes >700 kDa and low molecular weight protein (complexes) <40 kDa. Notably, this intracellular drug binding patterns of KP1019/ NKP-1339 strongly differed from those of cells exposed to cisplatin (Fig. 2b and c) .
Additionally, the glucose-regulated protein of 78 kDa (GRP78) was recently suggested as one cytosolic target for NKP-1339. 53 The endoplasmic reticulum (ER) chaperone GRP78 is a key factor of the unfolded protein response (UPR), 54 suggesting an interaction of NKP-1339 with the protein maintenance machinery of the cell. Cancer cells alter various processes to enable high proliferation, increased glucose metabolism, and resistance to cellular stresses and death initiation. One way to compensate cellular stresses is to upregulate key factors of the UPR, such as ER chaperones and UPR target genes, which was also observed in human tumor samples. In contrast to most normal cells, which are not under ER stress and where the UPR is normally in a non-active state, cancer cells seem to be critically dependent on the preservation of their ER folding capacity. Thus, targeting the UPR has been proposed as a promising new strategy for cancer treatment.
Besides direct biomolecule damage/interactions, the redox activity of ruthenium(III) compounds can be expected to interfere with the cellular redox balance via direct as well as indirect mechanisms. 55 Such ruthenium(III) compounds might participate in Fenton-like reactions leading to generation of reactive oxygen species (ROS). On the other hand, the reaction of ruthenium(III) drugs with GSH (e.g. by formation of GSH-conjugates 45 ) can be expected to induce depletion of the intracellular GSH pools, which renders cells more susceptible to endogenous and exogenous oxidative stress. Indeed, formation of intracellular ROS was shown in human colon cancer cells aer short-time KP1019 treatment. 56 Moreover, depletion of the intracellular GSH pools by pre-treatment with buthionine sulfoximine (BSO) led to increased sensitivity of cancer cells to KP1019. 57 These ndings argue for the participation of ROS in the mechanism underlying anticancer activity of this drug.
Interestingly, a recent X-ray uorescence imaging study of single cells found cytosolic co-localisation of Ru with iron as well as changes in the intracellular iron distribution. 58 This might indicate that, based on its similarities to iron, KP1019 might also interfere with intracellular iron binding proteins and, consequently, iron metabolism. However, this aspect has so far not been investigated in more detail. Interactions with the isolated heme-iron-dependent protein cytochrome c have been reported, but whereas KP1019 was found to induce conformational changes in both apo-and holocytochrome c according to circular dichroism spectra, a possible interference with iron was not addressed here specically either.
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NKP-1339 (as well as NAMI-A) has recently been identied as a direct nitric oxide (NOc) scavenger. 60 Reaction with NOc was shown to result in reduction of Ru(III) and formation of a [Ru(II)-NO + ] moiety. As NOc is a known messenger for diverse physiological signalling processes, especially in vascular homeostasis and neurotransmission as well as inammatory/immune response and tumour progression, 61 this might suggest some effects of KP1019 and NKP-1339 on endothelial cell migration and angiogenesis.
As a consequence of this (redox) stress, treatment with KP1019 and NKP-1339 was shown to induce apoptosis of cancer cells via the mitochondrial pathway. 52, 26 Recent studies indicated that NKP-1339 treatment (comparable to NAMI-A 62 but in contrast to KP418
63 ) leads to cell cycle arrest in the G2/M phase. 64 In addition, this cell cycle arrest was found to be accompanied by upregulation of the p38 mitogen-activatedprotein kinase (MAPK) stress response pathway. The anticancer activity of KP1339 could be further enhanced by combination with the multi-kinase inhibitor sorafenib (BAY 43-9006, Nexavar) (Fig. 4) , which targets besides raf serine/ threonine kinases also diverse other oncogenic and/or proangiogenic receptor tyrosine kinases such as Flt-3, c-kit, RET, VEGFR-1/2/3 and PDGFR-1.
64 Notably, synergistic activity with NKP-1339 was found in sorafenib-resistant as well as sorafenib-responsive cell lines and was based on signicantly enhanced cellular accumulation of both drugs as well as abrogation of KP1339-induced G2/M arrest by sorafenib. Together these effects resulted in enhanced apoptosis induction and complete loss of mitotic cells in cell culture as well as in a xenogra model in vivo. 64 
Drug resistance
The occurrence of drug resistance (either intrinsically or acquired during drug treatment) is one of the major obstacles for the treatment of cancer at the disseminated stage. The mechanisms which can lead to resistance are multiple and can involve basically all steps from reduced tumour delivery and cellular drug uptake to defects in apoptosis execution. Besides platinum drugs, the characterisation of relevant resistance mechanisms against metal compounds is still at a very early stage. As already discussed above, GSH is one of the most important intracellular reductants, which is believed to be involved in the activation of ruthenium compounds. Additionally, enhanced GSH levels are frequently associated with resistance against sulfur-affine compounds such as the platinum(II) drugs cis-or oxaliplatin. The impact of enhanced GSH levels on the anticancer activity of ruthenium compounds is still not fully understood. On the one hand, depletion of intracellular GSH levels led to increased sensitivity against KP1019, 57 while pretreatment with high doses of the radical scavenger and precursor of GSH, N-acetylcysteine, protected human colon carcinoma cells from the anticancer activity of KP1019. 56 On the other hand, it has to be kept in mind that studies on the cisplatin-resistant cell models O-342/DPP and A2780cis revealed 25, 65, 66 Additionally and in contrast to observations with cisplatin, no reduction of GSH levels was observed in rat kidney cells aer treatment of animals with KP1019. 67 Together, these results suggest that the anticancer activity of ruthenium compounds might be at least less susceptible to enhanced cellular GSH levels of drug-resistant cancer cells. Overall, the somewhat contradictory ndings regarding the impact of GSH on the anticancer activity of these ruthenium compounds might be explained by the opposite impact of activation by reduction and detoxication via conjugation. Nevertheless, there is increasing evidence that KP1019/ NKP-1339 treatment leads to a changed GSH/GSSG ratio and disturbances of the intracellular redox balance, which also impacts on the resistance prole of these drugs.
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Another well described mechanism which is frequently involved in drug resistance is the overexpression of ATP-driven efflux proteins, especially ABC transporters. The family of ABC transporter proteins is large, but only a few of its family members (such as several ABCC members, ABCB1 and ABCG2) have been associated with drug resistance. We have recently studied the impact of these transport proteins on the anticancer activity of KP1019. 68 In this study, it was discovered that ABCC1 (multidrug-resistance protein 1, MRP1) expression had no impact on the anticancer activity of KP1019.
68 This is especially of interest as most ABCC family members have a strong substrate affinity for GSH conjugates. In contrast to ABCC1, several ABCB1 (P-glycoprotein, P-gp)-overexpressing cell lines showed weak resistance (about 2-fold) to KP1019 based on reduced drug accumulation, compared to >100-fold resistance to common ABCB1 substrates (e.g. doxorubicin). Notably, the interaction of KP1019 with ABCB1 was strongly inuenced by serum protein levels, indicating that the strong binding to serum proteins might protect KP1019 from recognition and subsequent export by ABCB1. This is in accordance with studies with the high affinity ABCB1 substrate doxorubicin, where conjugation to the iron transport protein transferrin was able to circumvent efflux by ABCB1 and, consequently, to enhance cytotoxic activity against ABCB1-overexpressing cells. 20, 21 Likewise, a nanopreparation of KP1019 was highly effective against ABCB1-overexpressing cells and generally led to enhanced drug uptake via endocytosis. 69 To investigate a possible acquired resistance to KP1019, KB-3-1 cells were selected by exposure to stepwise increasing concentrations of KP1019. Notably, this resulted only in a 2-fold resistance to KP1019, 68 which was not based on reduced drug accumulation and ABC transporter overexpression. The mechanism underlying KP1019 resistance is still under investigation. Recent studies using comparative genomic hybridization revealed that KP1019-resistant KB-3-1 cells are characterized by several chromosome losses including chromosome 5, 7q, 12, 13q and 16q in comparison to their parental cell line (unpublished results). Moreover, no gene amplication was observed, indicating that the acquired resistance of this cell line is probably supported by gene loss and/or regulated by epigenetic mechanisms.
Evaluation in clinical studies
Both, KP1019 and NKP-1339, belong to the very few ruthenium compounds which have been already evaluated in clinical studies. 53, 70, 71 In fact, the antimetastatic drug NAMI-A is the only other ruthenium compound studied in a phase I trial. 72 In the case of KP1019 an open-label at-dose escalation trial was performed in patients with advanced solid tumours without further therapeutic options. 71 Eight patients were accrued receiving intravenous KP1019 doses from 25 to 600 mg twice weekly over three weeks. The pharmacokinetic analysis suggested that, in accordance with previous observations in vitro, the drug is rapidly bound to plasma proteins and has a long half-life (about 69-284 h). Clearance and the volume of distribution were low, and the AUC (area under the curve) and C max increased dose-proportionally. Notably, KP1019 was extremely well tolerated with only very limited side effects, and, accordingly, the maximum tolerated dose was not reached (dose escalation had to be stopped because of the high infusion volume required for solubility reasons). This is in contrast to the study evaluating NAMI-A, where painful blister formation at hands, ngers, and toes was considered as the dose-limiting toxicity.
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Despite this dose limitation, ve of six evaluable patients showed disease stabilization (including one minor remission) for eight to ten weeks. Interestingly, this clinical effect was not strictly depending on the applied dose. Consequently, the study suggested a 400-600 mg at dose regimen for a phase II study with a longer application time (10 weeks), based on data derived from preclinical animal models and the observation of longlasting stable diseases.
In order to avoid dose limitation by the high infusion volume, the clinical development was recently redirected to the better soluble NKP-1339, which allows the application of higher doses. The respective phase I study is completed, and the interim data were presented at the ASCO meeting 2012.
73 NKP-1339 was administered as 30-90 min infusion (based on volume to be infused) on days 1, 8 and 15 of a 28 day cycle. A total of 34 patients with various solid tumours have been treated so far at 9 different dose levels (20, 40, 80, 160 , 320, 420, 500, 625 and 780 mg m À2 body weight). Very minor side effects have been observed. At higher doses a transient green discoloration of the plasma was observed without any clinical symptoms. Unrelated to this phenomenon, only grade 1-2 pyrexia and/or rigors were observed so far in some patients, which were prevented in subsequent patients by steroid-based premedication. Dose limiting toxicity of grade 2-3 nausea, with grade 2 creatinine levels in one patient occurred at 780 mg m À2 . Also for NKP-1339, preliminary pharmacokinetic analyses indicated dose proportionality of C max and AUC, suggesting linear pharmacokinetics. Partial response was observed in one patient with a neuroendocrine tumour (NET) and stable disease (for up to 88+ weeks) in seven patients, including NET (two patients), colorectal cancer, sarcoma, and unknown primary (one patient each), as well as two patients with non-small cell lung cancer (NSCLC). As also in the phase I trial of NAMI-A the one patient (out of 24) which suffered from NSCLC experienced stable disease, 72 these data might indicate enhanced sensitivity of NSCLC to ruthenium compounds. Whether clinical stabilisation/response correlates with any molecular factor possibly inuencing the pharmacodynamics of NKP-1339 (e.g., glutathione) can be a worthwhile subject for further investigation.
Conclusions
Research in the eld of ruthenium-based anticancer drugs, which steadily progressed over the last 20 years, is now entering the crucial phase towards clinical application. The tremendous efforts on the characterization of the chemical and biological properties of ruthenium-based drugs made clear that ruthenium compounds are a unique class of anticancer compounds. Several key studies elucidated that ruthenium-based complexes exhibit different mechanisms of accumulation, uptake, activation and mode of action within the cell compared to established drugs. Besides the promising anticancer activities in heavily pre-treated patients, especially the very limited adverse effects observed so far in clinical phase I trials of KP1019 and NKP-1339 are a major advantage in comparison to other anticancer metal drugs. Beside low general toxicity, tumour selectivity and the development of predictive biomarkers are the most important criteria for successful clinical approval. Therefore, gaining a deeper insight into the interactions of NKP-1339 with target molecules within the cancer cell will be one of the main challenges for further investigations.
